In order to better understand the causes of unprecedented damage to Mexico City during the 1985 September 19 Michoacan earthquake (M, = 8.0) spectral ratios of teleseismic P-waves of this earthquake are studied with respect to those from five recent, large Mexican subduction zone earthquakes (7.0 5 M, I 7.7). The data are from vertical-component digital seismographs. It is found that the spectral ratios at stations in the NE quadrant are anomalously more energetic than those predicted by the o-* source model in the critical frequency range for Mexico City (0.3-0.7 Hz). The evidence is especially convincing for the spectral ratios with respect to the earthquakes of 1985 September 21 (M, = 7.6) and 1986 (M, = 7.0) since the data are available from several stations in the NE quadrant. The teleseismic P-wave spectral ratio in this quadrant with respect to the 1985 September 21 earthquake, in the critical frequency range, is close to the acceleration spectral ratio found in and near Mexico City (also in the NE quadrant). Velocity traces in the epicentral region of the Michoacan earthquake, obtained by integrating the accelerograms, also show oscillations with a frequency of about 0.4Hz. Furthermore, a regression study of Fourier acceleration spectra at a hill-zone site in Mexico City demonstrates that the Michoacan earthquake was anomalously energetic in the city at the critical frequencies for an event of that magnitude and at that distance. If the data from 7.0 I M, 5 7.7 events can be extrapolated to estimate the ground motions from M, L 8.0 earthquakes, then the evidence, supports an anomalously large body-wave radiation towards Mexico City between 0.3 and 0.7 Hz during the Michoacan earthquake. This anomalous radiation and the dramatic local amplification of seismic waves in the lake-bed zone of the city (-10-50 times at frequencies between 0.3 and 0.7Hz) appear to be the principal natural causes of the disaster. The anomalous teleseismic P-wave spectral ratios with respect to the earthquakes of 1985 September 21 and 1986 found in the NE quadrant are not observed in the data available from a small number of stations in the other quadrants. If this observation is true then it suggests a directional property to the anomalous radiation.
INTRODUCTION
It is well known that the incoming seismic waves with al. 1988b). It follows that the unprecedented damage to the frequencies between 0.3 and 0.7 Hz are greatly amplified in city during the great Michoacan earthquake of 1985 the lake bed zone of Mexico City. It has also been shown September 19 (M,=8.0) must be attributed to the large that the relative amplification at any given lake-bed site with amplitudes of incoming waves in the valley of Mexico. respect to a fixed hill-zone site is roughly independent of Clearly, answers to the following questions are crucial to realistic estimation of ground motion in the city from future great earthquakes along the Mexican subduction zone: were the recorded ground motions in Mexico City during the 1985 September 19 earthquake anomalously large from an event of that magnitude and at that distance from the city? If so, were they due to a special path, the depth of energy release, and/or a directivity effect? Or, was the source radiation anomalously energetic at frequencies critical to the lake-bed zone of Mexico City (0.3-0.7 Hz)? Singh et al. (1988a) analysed strong-motion data of the 1985 September 19 Michoacan earthquake and its aftershock of 1985 September 21 (M,,,=7.6). They found that the spectral amplitude ratio of the Michoacan earthquake to the September 21 aftershock in and near Mexico City was anomalously high with respect to the o-2-model for 0.2 ~f I 1 Hz, where f is the frequency. This ratio was roughly equal to the ratio obtained from the source displacement spectra given by Houston & Kanamori (1986a) for 0.5 sf 5 1 Hz. Singh et al. (1988a) also compared the spectral ratio in and near Mexico City with the ratio along the coastal stations. They found that the ratios were roughly equal for 0.5 sf s 1 Hz. Several important issues, however, remained unresolved in the study of Singh et al. (1988a) . Because spectral ratios were studied, it was not possible to know which of the two earthquakes was anomalous in and near Mexico City, although the damage to the city and spectral regression of coastal earthquakes recorded in Ciudad Universitaria (CU), a hill-zone site in the city (Castro, Singh & Mena 1988) , strongly suggested that the Michoacan earthquake was anomalous. Since the source displacement spectra were obtained by averaging the corrected spectra from stations at different azimuths and distances (Houston & Kanamori 1986a) , any azimuthal variation of the anomalous ratio could not be resolved. Finally, the spectral ratios at the coastal stations did not accurately reflect the source ratio since the distances to the two sources from a given site were rather different.
In search of more definitive answers to the questions posed above, we study spectral ratios of teleseismic P-waves of the 1985 September 19 Michoacan earthquake with respect to those of five recent, large mexican subduction zone earthquakes. The source parameters of the earthquakes are given in Table 1 . Fig. 1 shows locations of these events. Note that the depths and the fault parameters of the events in Table 1 are roughly the same.
In fact, the anomalous P-wave radiation during the 1985 September 19 Michoacan earthquake at f -0.4Hz in the NE quadrant can be easily seen at many (but not all) digital intermediate-period stations by comparing seismograms of this and the 1985 September 21 earthquake compiled in the Waveform Catalogue of the US Geological Survey (Zirbes, Lishner & Moon 1985) . Fig. 2 shows broad-band vertical-component P-wave seismograms of the earthquakes listed in Table 1 and recorded at Grafenberg (GRF). Oscillations with a frequency of about 0.4 Hz beginning 7 s after the arrival of the P-wave are clear for the 1985 September 19 Michoacan earthquake. This is not observed for other earthquakes in Fig. 1 . Large-amplitude -0.4-Hz waves are also visible in the epicentral velocity traces obtained from the integration of accelerograms (Anderson et al. 1986 ).
Henceforth, for brevity, we shall refer to the 1985 September 19 Michoacan earthquake as the Michoacan earthquake.
DIGITAL DATA
We selected those stations which recorded the Michoacan earthquake and at least one of the other five earthquakes listed in Table 1 . The stations and their azimuths and distances from the earthquakes are given in Table 2 . A blank column for an earthquake-station pair indicates that the seismogram from that station was not available. For reasons given later, the stations are grouped in quadrants. The first and second groups include stations in the N E quadrant at distances between 59" and 91" and between 30" and 36", respectively. Note that for the 1985 and 1986 earthquakes there are more stations in the NE as compared to the other quadrants. For the 1981, 1979, and 1978 The dashed line segment has not ruptured in a major (M, 2 7.5) earthquake in the last 30 y or more and is also a seismic gap. quadrant, the stations with SP data were not included in the analysis.
ANALYSIS
Since the distances and azimuths from the events analysed in this study to a given station are about the same (Table 2) , the ratio of spectral amplitudes of the P-wave group of event i with respect to that of event j recorded at the same station k, Rijk(f), can be written as
is the moment rate spectral density of event i, and (Re),, and &(f) are the effective radiation pattern and the displacement spectrum (corrected for instrumental response), respectively, of the P-wave group of event i at station k. Note that in equation (l), the terms involving physical properties near the sources and the receiver have cancelled out since the sources have a similar depth (where the properties are likely to be similar) and the spectral ratio is computed at the same station. Similarily, the terms involving anelastic attenuation and geometrical spreading do not appear in equation (1) because the distances and the azimuths from different sources (hence the paths) to a given station show only small differences (Table 2) . In our spectral analysis, the window began near the arrival of the P-wave and ended just before the arrival of the PP phase. The Fourier amplitude spectra were computed over the P-wave group which includes the P phase and the depth phases pP and sP. The computed spectra were smoothed by a one-third octave band filter given by the rms value of the amplitudes of P, p P , and SP phases at a given station. These amplitudes were computed from equation (8) of Kanamori & Stewart (1976) assuming a P-wave velocity of 6.2 km s-' and a Poisson solid. Note that Re values at a given station from different events are about the same. Thus for our data set, (Re)ik/(Re)jk in equation (1) is close to 1. The smoothed spectral amplitudes were used to compute the spectral ratios of the Michoacan earthquake with respect to the other five events in Table 1 using equation (1). The ratios with respect to the 1985 September 21 and the 1986 events showed a consistent behaviour at stations located in the NE quadrant. For this reason, the stations were grouped into NE, NW, SW, and SE quadrants ( Table 2 ). Based on visual examination of the spectral ratios, the NE quadrant stations were further divided in two sub-groups: 59" < A < 90" and 30°<A<36". Note that the choice of N-S/E-W axes to define the quadrants is also supported by the fault strike which is, very roughly, about 270" for the Mexican subduction zone earthquakes. Finally, when there were three or more spectral ratios of the Michoacan earthquake with respect to one of the five other events available in a given quadrant, then the geometric mean and f one standard deviation curves were plotted. sub-routine. In this sub-routine, the spectral amplitude at frequency f is replaced with the average of spectral amplitudes in the frequency band 2-'I6f 5 f 5 21t6f. At the low-frequency end, the spectrum remains unchanged. Fig. 3 shows an example of the unsmoothed and the smoothed displacement spectra at G R F for the Michoacan earthquake.
The spectra are plotted up to f = 5 Hz, beyond which the response of the GRF BB system falls off due to a seven-pole anti-aliasing Butterworth filter with a cut-off frequency of 5 Hz.
The P, p P , and sP phases included in the window will interfere to give rise to a frequency-dependent radiation pattern, Re. Choy & Boatwright (1988) describe a method to estimate this frequency dependence which they call the free surface spectrum. It consists of modelling the P-wave as a single impulse and the depth phases as cluster of impulses whose duration is determined by the difference between the shallowest and deepest part of the rupture area. As mentioned earlier, the depths of the events analysed in the present study are roughly the same, about 20 km (Table 1) . The focal mechanisms of these events (determined from first motion data along with constrains from the radiation patterns of surface waves) and the aftershock locations (obtained from recordings by portable seismographs) show rupture on shallow-dipping fault planes (6 -10'-lSo). The widths of these events, estimated from the aftershocks, lie between 25 km and 60 km. Thus, for the smallest and the largest earthquakes in Table 1 , the depth ranges are 17-23 km and 12-28 km, respectively. Choy & Boatwright (1988) show that the depth is well resolved by comparing the observed spectrum with the free surface spectrum, but that the resolution of the depth range is poor. Thus for events in Table 1 , with roughly the same depth and a small variation in the depth range, the free surface spectra at a given station from different sources will be roughly the same (J. Boatwright, personal communication, 1988) . This frequency-dependent radiation pattern will cancel out when the spectral ratios are computed.
In Table 2 we report Re values calculated using the procedure of Houston & Kanamori (1986b) in which Re is
REFERENCE C U R V E S
In order to infer whether the Michoacan earthquake was anomalous with respect to one or more of the other five events in Table 1 , we shall use reference curves based on the o-2-source model (Aki 1967; Brune 1970) . We choose the o-2-model since it provides a reasonable approximation for the source spectra at high frequencies (about 0.1-1.0 Hz) of seven recent, large Mexican subduction zone earthquakes (five of which are included in Table 1 ) studied by Houston & Kanamori (1986a) and Zhuo & Kanamori (1987) . In these studies, an attenuation correction with t* = 0.7 s has been applied in obtaining the spectra. The possibility that high-frequency spectral levels of M, 2 8.0 earthquakes do not follow the trend for 7.0 5 M , I 7.7 eventsjs discussed later in this section. For w-2-source model, M ( f ) can be written as
where M, is the scalar seismic moment and fc, the corner frequency, is given by (Brune 1970) f, = 0.49/3(d~/M,)'/~.
In equation ( (5b)
Equation ( Heaton (1985,1988) report 0-l.' spectral fall off (t' = 1.0 s) for large and great subductioo zone earthquakes in the period band of 2 s and several tens of seconds. They also iind that the average spectral fall-ofi in merent magnitude intervals 'earthquakes from the data of 7.0 5 M, s 7.7 events, using either o-' or w-*. ' constant stress drop source model, will overestimate the expected levels. In the next section we 6nd the opposite; tbe sptctral ratios of the Michoacan earthquake (Mw=8.0) with respect to the five large earthquakes (7.0 s Iht, s 7 . 3 , at least in the NE quadrant, are bigher than the ratios expeasd from the w-' model in the Critical frequency range to Mexico City (0.3-0.7 Hz).
RESULTS

59"< A C 91"
"he sptctral ratios of the Michoacaa earthquake with respect to the five earthquakes (Table 1) are shown in Fig.   4 . ?be reference curves, based on the ru-2-model, are also given in the figure.
We note tbat in the critical frequency range for Mexico C i t y (0.3-0.7Hz) earthquake with respect to all other earthquakes are roughly 2-3 times greater than those expected from the reference curves. In fact, with respect to the 1985 September 21, the 1979 and the 1978 earthquakes, the ratios for 0 . 3 s f~ 0.7Hz, on an average, are greater than or equal to the seismic moment ratios. This is a surprising result since no self-similar source model would predict this.
Note that the spectral ratios with respect to the 1981, the 1979, and the 1978 earthquakes are from just one station, GRF. How representative is the ratio from GRF of the average spectral ratio from many stations in the NE quadrant? To answer this question, in Fig. 5 we compare the average spectral ratios with respect to the 1985 September 21 and the 1986 earthquakes, based on several recordings in the NE quadrant, with those from GRF alone. The average and the GRF spectral ratios are in reasonable agreement with each other. Thus, while we can not conclude definitively that the Michoacan earthquake was anomalously more energetic with respect to the 1981, the 1979, and the 1978 earthquakes in the NE quadrant, the GRF ratios ( Fig.  4b-d) do provide some evidence which suggests that this may have been the case.
The similarity of the spectral ratios in Fig. 4 for f 5 0.2 Hz (correlation of peaks and troughs) is due to the spectral characteristics of the Michoacan earthquake. The P-wave modelling of this earthquake shows two large sub-events of nearly equal seismic moment separated in time by about 26 s (UNAM Seismology Group 1986; Eissler, Astiz & Kanamori 1986; Priestley & Masters 1986; Houston & Kanamori 1986a; Astiz et al. 1987) . Let f ( t ) be the seismogram of the P-wave group of the first sub-event at a station in the NE quadrant and let F ( f ) be its Fourier amplitude spectrum. With respect to the strike of the fault, 288", the stations in the NE quadrant (average azimuth N36.Z0E, standard deviation f 11.8") are at azimuth of 108.2 f 11.8". Thus, at these stations, the contribution from the two sub-events will arrive with a delay of roughly 26s. The Fourier amplitude spectra of the P-wave group, including both sub-events, can be written as F(f)(2 + 2 cos 2nft)1'2 (8) where t-26s. The maxima and minima of the second factor in expression (8) occur at 2~( 2 6 f ) = n n , n = 0, 2 , 4 , . . . and at 2n(26f)=nn, n = 1, 3, 5 , . . . , respectively. The observed maxima and minima in the spectra of the Michoacan earthquake (Fig. 3) and in the spectral ratios (Fig. 4) for 0.02 5f 5 0.2 Hz roughly agree with those predicted by the interference of the two sub-events. This interference pattern is not seen in the spectral ratios for f > 0 . 2 H z (Fig. 4) because of the complexity and incoherence of the sources at these frequencies and also because of smoothing of the spectra.
In Fig. 6 the teleseismic P-wave spectral ratio of the Michoacan earthquake with respect to the 1985 September 21 earthquake in the NE quadrant (Fig. 4a) is compared with the corresponding spectral ratio obtained from digital acceleration data recorded in and near Mexico City. In computing the acceleration spectral ratio the entire records from five stations were included. The stations are located roughly between 300 and 400 km from the source areas (see Singh et al. 1988a) . The recordings in the lake-bed zone of Mexico City, where non-linear behaviour of the clay during the Michoacan earthquake may have occurred, were excluded from the analysis. The records were corrected only for the baseline and then they were processed in the same manner as the teleseismic P-wave seismograms. Since the distances from the closest points of the rupture areas of the two earthquakes to a given station in and near Mexico City are roughly the same (Singh et al. 1988a) , no geometric spreading or attenuation correction was applied. The spectral ratios were found to be similar for the three orthogonal components. The geometric mean and f one standard deviation curves shown in Fig. 6 were obtained by averaging smoothed spectral ratios of the five stations and all three components. From Fig. 6 , we note that the spectral ratio observed in and near Mexico City is very similar to the Comparison of teleseismic P-wave spectral ratio of the 1985 September 19 earthquake with respect to the 1985 September 21 earthquake (NE quadrant, 59"<A<9I0, Fig. 4a ) with the acceleration spectral ratio in and near Mexico City. Continuous line with shaded area; geometric mean and f one standard deviation band for P-waves. Dotted-dashed lines; geometric mean and f one standard deviation curves from accelerograms. Note the agreement between the two ratios at critical frequencies for Mexico City (0.3cf50.7 Hz).
teleseismic ratio from P-waves in the critical frequency range for Mexico City (0.3-0.7Hz). This suggests that the anomalous spectral ratio in and near the city for 0.3 ~f 0.7 Hz was due to anomalously large body-wave radiation at these frequencies in the NE quadrant during the Michoacan earthquake as compared to the 1985 September 21 earthquake. The two spectral ratios, however, differ for 0.05 5 f s 0.2 Hz, a frequency range in which both spectra are reliable. As discussed earlier, the peaks and troughs in the teleseismic P-wave spectral ratio, shown in Fig. 6 are related to the corresponding peaks and troughs in the Michoacan earthquake spectra for 0.02 ~f 5 0.2 Hz (Fig. 3) which, in turn, appear to be related to the inference from the two sub-events. The epicentres of sub-events 1 and 2 of the Michoacan earthquake are 18.14"N, 102.71" W and 17.69"N, 101.94"W, respectively ( Fig. 1; Singh et al. 1989 ). Let R , and R , be the distances from the two sub-events at a strong-motion station in and near Mexico City.
Then R, -R, is about 50 km (Fig. 1) . Assuming a wave velocity of 3.2 km s-' and recalling that the two sub-events ruptured with a delay of 26s, we expect the accelerations records from the two sub-events to be delayed by about 10 s. With t = 10 s in expression (8), the maxima and the minima should occur at 2n(10f) =nn, n =0, 2,4, . . . and 2n(lOf) = tan, n = 1, 3, 5, . . . , respectively. The maximum at f -0.2 Hz and the minimum at f -0.05 Hz seen in acceleration spectral ratio (Fig. 6 ) agree with the predicted interference pattern. Thus we suggest that the difference in the teleseismic P-wave and the acceleration spectral ratios in Fig. 6 for f 5 0.2 Hz is probably due to the difference in the interference patterns.
30°< A < 36"
Figures 7(a) and 8(a) illustrate spectral ratios of the Michoacan earthquake with respect to the 1985 September _ _ _ 21 and the 1986 earthquakes at stations in the NE quadrant but at distances between 30" and 36". For comparison, the average spectral ratios in the same quadrant but at distances of 59"-91" (Fig. 4a and e) , discussed above, are also shown.
Although the ratios at stations between 30" and 36" are somewhat smaller than the average ratios at stations with 59"<A<91", we do not consider the difference significant since a small number of stations are at distances of 30"-36".
Spectral ratios in other quadrants
The digital data are available only for the Michoacan, the 1985 September 21 and the 1986 earthquakes in quadrants other than the NE. Even for these events there are only few recordings available (Table 2) The spectral ratios and the inspection of seismograms provides some, although hardly conclusive, evidence that the anomalous body-wave radiation during the Michoacan earthquake, seen in the NE quadrant, was absent in the other quadrants, i.e. the anomaly had a directional property.
DISCUSSION AND CONCLUSIONS
The comparison of teleseismic P-waveforms and the analysis of P-wave spectral ratios show that the Michoacan, Mexico, earthquake of 1985 September 19 was anomalously energetic in the NE quadrant with respect to the earthquakes of 1985 September 21 and 1986 at frequencies critical to Mexico City (0.3 5 f 5 0.7 Hz). The Michoacan earthquake also appears anomalously energetic at these frequencies with respect to the earthquakes of 1978, 1979, and 1981 . However, the data are from a single station, GFW, and, therefore, this conclusion is not definitive. The teleseismic spectral ratio of the Michoacan earthquake with respect to the 1985 September 21 earthquake in the NE quadrant agrees very well with the acceleration spectral ratio in and near Mexico City in the critical frequency range. This suggests that the anomalous ratio in and near Mexico City for 0.3 s f 5 0.7 Hz was not due to a difference in the path or the depth of energy release between the two earthquakes, but was due to relatively stronger excitation of the body-wave radiation in the NE quadrant during the Michoacan earthquake.
The oscillations with f -0.4 Hz seen in the teleseismic P-waves for the Michoacan earthquake (Fig. 2) are also visible in the velocity traces (see Fig. 9a ) obtained by integrating the epicentral digital accelerograms at Caleta de Campos (CALE). Fig. 9(b) gives Fourier velocity spectra at CALE. Note the peak at f -0.4 Hz in these spectra. The displacement records at CALE are relatively smooth ramp functions (Anderson et al. 1986); these have been interpreted by smooth crack-like growth of the rupture (Yomogida 1987; M. Campillo, et al. 1988, unpublished manuscript) . To explain f -0 . 4 H z ripples seen on the velocity records of CALE, Campillo et al., propose a self-similar crack model whose rupture velocity changes. According to Campillo et al., the oscillations do not necessarily require a series of equidistant barriers and asperities for their explanation. Theoretical results of Ida (1973) show that even on a fault in a homogeneous medium on which dynamic failure and creep occur simultaneously, the acceleration and deceleration of the rupture is characterized by a constant time scale that shows apparent periodicity. As we have shown here, there is some, albeit weak, evidence that the anomalous P-wave spectral ratio of the Michoacan earthquake with respect to the earthquakes of 1985 September 21 and 1986 found in the NE quadrant was absent in the other quadrants. Assuming this to be true, one possible explanation may be a directivity effect in the down-dip NE direction during the Michoacan earthquake but not during the other two earthquakes. This would require that during the Michoacan earthquake, the rupture initiated at a shallow depth and propagated in the SE direction along the strike of the fault (which is well documented, see e. aftershock area of the Michoacan earthquake is about the same as for the other M,Z7.5 earthquakes along the Mexican subduction zone (Fig. l ) , it is possible that the actual slip during the earthquake occurred over a much greater width. The observed f -0.4 Hz oscillations would then be related to the rupture propagation in the down-dip NE direction. The predicted Fourier acceleration spectrum at CU, a hill-zone site in Mexico City, from a M, = 8.1 earthquake is shown in Fig. 10 (Castro et al. 1988 ). This spectrum is based on a regression analysis of 13 coastal earthquakes (5.8 5 M, 5 7.8) recorded at CU. The observed spectrum at CU for the Michoacan earthquake (also shown in Fig. 10 ) is anomalously high as compared to the predicted one.
The analyses above, when taken together, suggest that the ground motions recorded at hill-zone sites in Mexico City were anomalously large during the Michoacan earthquake in the frequency range of 0.3-0.7 Hz and that this was due to anomalous body-wave-radiation. This, coupled with 10 to 50 times amplification of seismic waves at the lake-bed sites as compared to the hill-zone sites in the valley of Mexico at frequencies between 0.3 and 0.7Hz (Singh et al. 1988a,b) , provides a coherent explanation for the unprecedented disaster in the city during the Michoacan earthquake.
The inference of the anomalous nature of the Michoacan earthquake above is based on the assumption that the data from 7.05 M,s7.7
can be extrapolated to predict the ground motions from M, z 8.0 earthquakes. The study of Hartzell & Heaton (1988) suggests that this may overestimate .the high-frequency ground motions for the very largest earthquakes. If so, the anomalous nature of the Michoacan earthquake is further reinforced since observed ground motions were larger than those expected from the extrapolation of the smaller earthquakes. Although the available data suggest an anomalous nature to the body-wave radiation from the Michoacan earthquake in the NE quadrant at the critical frequencies for Mexico City, there remains an uncertainty because of small data set available for our analysis. In fact, the new building code of Mexico City contemplates this; the expected ground motions in the city from a future M,=8.1 earthquake in the Guerrero gap (Fig. 1) have been taken to be the same as those recorded during the Michoacan earthquake (Rosenblueth et al. 1989).
